GLI2 is an oncogene encoding a unique transcription factor with both repressor and activator functions. Vitally important in development, it is also thought to be necessary for homeostasis of adult cells. However, deregulation of the GLI2 protein can result in detrimental effects to an organism, such as congenital defects or cancer. Historically deemed an activator and effector molecule of the Hedgehog signaling pathway, GLI2 has since been shown to be a critical effector of other signaling pathways, thus positioning itself as a potent mediator of signaling crosstalk. While GLI2 activity can be modulated by a variety of signaling influences, its regulation at the gene level is less understood. Indeed, gene mutations in GLI2 have been reported, but these generally led to developmental defects and are less commonly identified in tumors as being a cause of its deregulation. While the biological importance of GLI2 overexpression in a multitude of unrelated cancers has been well established, questions about the mechanisms leading to aberrant expression have remained largely unanswered. Furthering our understanding of both the transcriptional regulation of the GLI2 gene and the target genes regulated by GLI2 may identify novel therapeutic targets for cancer treatment. 
. Diagram of the modular organization of the GLI2 regulatory protein. The balloons located at the top indicate regulatory proteins that bind to GLI2. The black bars below the domain sequence indicate serine residues that are phosphorylated by PKA (P), CK (C), or GSK3 (G). The red bars indicate lysine residues that are sumoylated (S) or acetylated (Ac). These modifications are important for regulating GLI2 protein stability and activity. Zn fingers = Zinc fingers DNA-binding domain; Zic = zinc finger of the cerebellum-family transcription factors; PDD = processing determinant domain; TAD = transactivation domain.
a respective lysine residue of GLI2, as histone deacetylase 1 (HDAC1) promoted an increase in GLI2 activity as well as GLI1 [12] . They further demonstrated that HDAC1-mediated deacetylation of GLI maintains a positive feedback loop as HDAC1 itself is a target of GLI [12] . However, the E3 ubiquitin ligase complex of Cullin3/REN antagonizes GLI activation by labeling HDAC1 for degradation [12] . In a more recent work, it was found that GLI2 was acetylated specifically by the histone acetyltransferase CREB-binding protein (CBP)/p300 on lysine 757, the amino acid correlating with lysine 518 of GLI1, resulting in decreased transcriptional activity of GLI2 and further supporting the previously described evidence acetylation at this location of GLI2 [13] . Mechanistically, GLI2 acetylation on lysine 757 prevented the association of GLI2 with chromatin at the level of its target promoters [13] . Additionally, mouse SuFu interacts with a component of the mSin3 and HDAC complex called mSin3/ mSin3-associated polypeptide 18, or Sap18 [14] . This suppresses Gli (where Gli designates murine protein and GLI designates the human counterpart) activity, including that of Gli2 at the level of the Gli target gene promoter. Interestingly, acetylation of GLI2 by p300 may not only result in a reduction in GLI2 activity. The related protein, GLI3, is acetylated by p300 and the resulting modification turns on activator functions of GLI3 [5] . Additionally, Drosophila CBP recognizes and acetylates a specific sequence in the GLI homologue Ci, thereby activating it [15] . The amino acid sequence recognized by CBP/p300 in Ci is conserved and is also found in GLI2, suggesting that modification by this complex may also activate GLI2 [6, 16] . Thus, further description of the role of p300 in regulating GLI2 activity may be identified in future studies. While likely an important mechanism of GLI2 regulation, acetylation by histonemodifying enzymes is only one aspect of how GLI2 is regulated at the chromatin level.
GLI2 can be phosphorylated by protein kinase A (PKA). Phosphorylation of GLI2 by PKA results in its sumoylation at lysines 630 and 716 [17] . The addition of the small ubiquitin-like modifier (SUMO) group through sumoylation decreases GLI2 transcriptional activity through the recruitment of HDAC5 both in vitro and in vivo [17] . This prevents nuclear accumulation of GLI2 and a decrease in its transcriptional activation of its target genes. As such, this is a newly described mode of GLI2 regulation through the prevention of its nuclear localization and hence its association with chromatin.
One can appreciate from this review of GLI2 domains and posttranslational modifications of the protein that its activity can be manipulated through numerous mechanisms spanning several signaling pathways. Thus, the function of GLI2 can be affected through more than one signaling pathway. Additionally, the information presented thus far does not consider the regulation of GLI2 at the level of its own gene transcription. In fact, as will be highlighted later, this is one area of GLI2 regulation that has not been well described. Understanding the regulation of GLI2 at both the gene and protein levels is essential to fully understanding its role in biological processes. As detailed in the next sections, GLI2 is essential for normal development but at the same time, it is also implicated in disease, particularly for initiation and maintenance of some tumors.
GLI2 Exerts Its Biological Impact in Development and Disease
The biological effects modulated by GLI2 activity encompass a variety of functions at the individual cellular and whole organism levels. Target genes of GLI2 include important regulators of cell cycle progression, proliferation, and survival. Given the nature of these genes, GLI2 activity is important for developmental processes. However, with the implications for regulating such a gene expression program, GLI2 has been implicated in disease when its regulation goes awry ( fig. 2 ) .
Role of GLI2 in Development
GLI2 is an integral component of developmental programs. As an effector molecule of Hh, a critical developmental pathway, much has been investigated regarding its role in development. This role can be quite complex, with its activity based on context-dependent signals. Because of this, much about what is known regarding GLI2 in developmental processes was garnered through the studies of loss of individual Hh effectors. This allowed for the developmental process regulated by GLI2 to be seen as either due to redundancy or specificity in cellular programming.
The function of the GLIs in development was initially determined through their homology with the Drosophila Ci and its role in patterning and tissue specification. Gli1, Gli2, and Gli3 are expressed in mouse embryos in regions that also highly express the Hh ligand [18] . The observation that mutations in the related GLI3 gene were responsible for a group of congenital malformations helped to prompt further investigations of the role of the GLIs, including GLI2, in the developmental process [11, [19] [20] [21] . Multiple mouse mutants or knockouts have since been generated to study the effects on development. Mice with homozygous loss of functional Gli2 through the deletion of its zinc finger domains (Gli2 znf/znf ) died in late embryonic stages (E18.5) or were stillborn, while heterozygous mice developed normally with no detectable abnormalities [22] . Specifically, expected Mendelian ratios were found earlier in development (E9.5) but decreased substantially at later time points. Thus, homozygous loss of Gli2 resulted in a lethal phenotype later in development [22] . Evaluation of the phenotypic abnormalities in these embryonic and newborn mice revealed flattening of the skull with lack of ossification, truncated mandibles with absent incisors, missing tympanic ring bones of the inner ear, and a range of severe cleft palate malformations [22] . The defects in palate development ranged from the lack of a presphenoid bone and maxillary and palatine shelves to only slightly abnormal shelves [22] . Further evaluations using the same Gli2 znf/znf mice, severe foregut development defects were found, with stenosis of the esophagus and trachea and lung defects most notable [23] . These mice developed only one right lung lobe instead of the four that develop in wild-type mice, and the total lung size was smaller than either in wild-type or heterozygous mice [23] . Proliferation in the mutant lungs was lower later in development (by E14.5) than the normal lungs, suggesting a loss of cell growth in late development when compared to normal or heterozygous lungs [23] . Gli2-deficient mice also have defects in pituitary development that include partial loss of the anterior pituitary and complete loss of the posterior pituitary [24, 25] . These pituitary defects were attributed to the loss of Bmp4 and Fgf8 expression in the ventral diencephalon in Gli2 mutants, indicating that these are target genes of Gli2 [25] . Perhaps most profound, and necessary for organism viability, are other central nervous system defects in mice lacking functional Gli2 where typically high levels of Sonic hedgehog (Shh), a ligand of Hh signaling, induce neural development. The floor plates in the midbrain, hindbrain, and spinal cord do not develop in homozygous Gli2 mutant mice, and the dopaminergic and serotonergic neurons that would normally flank the floor plate are missing in these animals [26, 27] . However, they still develop the motor neurons lining the ventral midline of the neural tube, indicating that Gli2 is not needed in regions where Shh signaling is low [26, 27] . These profound changes seen during development in mice deficient in functional Gli2 indicate its necessity for normal development of multiple organ systems. However, substantial redundancy in the Glis is also observed, and this makes it very challenging to truly isolate singular functions of GLI2. Moreover, the Gli2 knockout mice die late in embryonic development or at birth, making the characterization of cell-specific functions of Gli2 difficult.
While the changes noted with Gli2 deficiency alone in mice were found to be striking, it was also found that some of these changes overlapped with loss of Gli3. Homozygous loss of functional Gli3 through a 3′ deletion in the gene (Gli3 xtj/xtj ) in mice resulted in abnormalities of the central nervous system, lung, and skeletal system that were similar to those in mice with loss of Gli2 [20] . When double mutant mice lacking Gli2 and Gli3 (Gli3 xtj/xtj /Gli2 znf/znf ) were generated, death occurred prior to complete skeletogenesis, and the mice had more severe defects than either single mutant [22, 23] . Nevertheless, there was variation in the skeletal abnormalities seen, such as Gli2 or Gli3 loss separately affecting different areas of skull development and more limb abnormalities associated with Gli3 loss [22] . Thus, there was indication for both overlapping and specific functions of Gli2 and Gli3. This was also shown to be true for Gli1 and Gli2 as well. Mice expressing mutant Gli1 with lack of its zinc finger domains (Gli1 znf/znf ) are viable and develop with no phenotypic abnormalities [24] . Double mutant mice with heterozygous loss of functional Gli2 on the Gli1 znf/znf background had similar central nervous system and lung defects but milder than what was seen with loss of Gli2 alone [24] . Interestingly, when Gli1 was expressed at low levels in place of the endogenous Gli2 locus in mice, it was able to rescue the activity of Gli2 and the defects seen, including lethality [28] . However, when high levels of Gli1 were expressed over Gli2 this did cause lethality, as the replacement essentially became a Gli1 gain-of-function mutation [28] . Regardless, the conclusion drawn from these developmental studies confirmed that some of the functions of the Gli are redundant, particularly with Gli1 and Gli2, but this redundancy is not complete and expression of functional Gli2 is necessary for specific developmental programs.
The specific programming dictated by GLI2 during development is generally confined to ventroposterior patterning of the mesodermal tissues. This is of particular significance in the development of parts of the central nervous system. Dorsoventral patterning of the neural tube is dictated in part through Shh signaling, where Shh is expressed in the ventral floor plate and notochord that become the neural tube and spinal cord [29] . Gli2 is required for the development of the ventral cell types in the spinal cord [28] . It is vital for the regulation of oligodendrocyte progenitor cells and differentiation and specification of the ventral aspect of the caudal neural tube [30, 31] . Gli2 can also function through fibroblastic growth factor signaling during neural development to mediate antero-posterior patterning by inducing the gene brachyury [32] . Spatial patterning of the midbrain and hindbrain in mouse models showed that Gli2 functions to induce neurons along the ventral aspect in a sequential medialto-lateral manner [33] . The role of Gli2 in neurogenesis was demonstrated by the observation that it is able to regulate the expression of neurogenic genes such as Ncam, Neurog1, and NeuroD [34] . While these aspects are important during development, GLI2 is necessary to help maintain a stem cell population in adult tissues. GLI2 maintains Nanog expression in adult neural stem cells, and Sox2 is also a target of GLI2 in neural stem cells [35, 36] . Using an embryonic stem cell model from the P19 embryonal carcinoma cell line, it was found that overexpression of GLI2 alone could induce the cells to undergo neuronal differentiation, and this was secondary to GLI2 directly targeting specific neurogenic factors like Ascl1/Mash1 [37] . In the cerebellum, GLI2 also serves as an activator and through stimulation of the proliferation of granule neuron precursor (GNP) cells [38, 39] . The impact of these functions has the potential for disease consequences that will be discussed in the next section. Additionally, local gradients of the Shh ligand from the ventral midline cell compartments result in the formation of a dorsoventral axis forming the inner ear, with high quantities of activated Gli2 responsible for differentiation of the most ventral portion [40] . As highlighted by the numerous anomalies in mouse models of Gli2 loss during development, its role is not confined to the central nervous system. GLI2 functions outside of the notochord and other central nervous system precursors during development to mediate development of other tissues. GLI2 plays a role in normal limb patterning, bone formation, and organogenesis during development. Gli2 plays a role in anterior-posterior patterning of the posterior limb in combination with Gli3 for proper limb development in the mouse [41] . Complete loss of Gli2 and Gli3 results in a lack of sclerotome formation by the somatic mesoderm in mice, causing skull and vertebral defects [42] . At least one copy of either Gli2 or Gli3 is needed to induce particular markers of sclerotome formation [42] . Hh signaling in mesenchymal cells and osteoblasts results in an induction of genes regulating osteoblast differentiation, such as alkaline phosphatase and osteocalcin, and initiation of calcification [43] . This was found to occur through Gli2, which directly increases expression of Runx2, a transcription factor necessary for osteoblastogenesis [43] . Gli2 can also regulate bone morphogenic protein 2 by directly binding to its promoter and stimulating its transcription [44] . It is necessary to mediate normal development of hair follicles in the epidermis of skin [45] . Furthermore, Gli2 is also the predominant mediator of the proliferation response to Shh in the developing lung by upregulating the expression of cyclin D1, D2, and E1 [46] . Gli2 functions in the developing immune system by mediating the expression of the transcription factor FoxA2 in double-negative thymocytes, thus preventing their differentiation to double-positive thymocytes [47] . Hh signaling is also known to be important in cardiac development, with loss of proper signaling resulting in alterations in heart tube formation, septal determination, and outflow tract impairments [48] . Gli2 helps to mediate this signaling by interacting with myocyte enhancer factor 2C. Gli2 and myocyte enhancer factor 2C are able to bind to each other's promoters to regulate their expression during cardiomyogenesis as well as form heterodimers with each other and synergize their activation of target genes important to this process [48] . Gli2 expression in the mouse epaxial somite is responsible for activation of the Myf5 epaxial muscle progenitor cells [49] . Furthermore, Gli2 is necessary for normal dorsoventral and mediolateral patterning of the epaxial muscle somite [49] . Ectopic expression of active Gli2 specifically in the pancreatic epithelial progenitor cells had no effect on pancreas development unless ablation of the primary cilia also occurred [50] . Under these circumstances, full Hh activation was permitted and this resulted in defective pancreas formation with a loss of both exocrine and endocrine cells, and the concomitant appearance of undifferentiated cells with pancreatic progenitor cell markers [50] . The culmination of these findings suggests that Hh signaling, and perhaps specifically GLI2, can alter not only pancreatic development but also function in the adult.
This detailed summary regarding the role of GLI2 in development gives way to the idea that it may play an important role in disease. One may note in particular that the fundamental role of GLI2 is that of a terminal effector of a potent developmental signaling pathway. Consequently, defects in the expression or function of GLI2 can result in diseases that range from congenital malformations to cancer.
GLI2 and Disease: Congenital Malformations and Cancer
As detailed thus far, GLI2 is a transcription factor vitally important to controlling genes responsible for cell growth, survival and differentiation. Emphasis has been put into the description of the role of GLI2 in development because this is when GLI2 is necessary, and its loss has profound effects in normal development. GLI2 is similar to components involved with other developmental pathways in that its expression and activity in differentiated cells and adult tissues tends to decrease. With these observations, one would speculate that the deregulation of GLI2 would lead to disease. Indeed, studies investigating the pathogenesis of numerous human diseases have identified GLI2 as a key culprit. While a spectrum of disorders and diseases has been described, there are generally two categories of disease mediated by GLI2 loss of function or deregulation: congenital disease and cancer. In general, a loss of function during development is responsible for congenital malformations while a gain of function in adult cells can lead to tumorigenesis ( fig. 2 ) .
Given its role in development, alterations in GLI2 function could result in severe defects in organogenesis. In fact, the observed malformations resulting in mice expressing mutant Gli proteins were similar to those observed for some human malformations. A key example is that of holoprosencephaly (HPE), a condition of incomplete or failed forebrain separation early during gestation. It has been found that loss-of-function mutations in human GLI2 that render an inactive protein product is associated with a type of HPE characterized by abnormal anterior pituitary formation and hypopituitarism with an inappropriately divided forebrain [51] . Additionally, nonsense and frameshift mutations in GLI2 have been identified in families with subsequent loss of the activator domain [52] . The patients affected had loss of a normal anterior pituitary and an associated loss of growth hormone, lack of pituitary hormones, and various facial defects [52] . Additionally, given the role GLI2 in regulating limb bud patterning, variable polydactyly was also identified [52] . Various other reported mutations in GLI2 have resulted in a spectrum of phenotypes that ranged from cleft palate, polydactyly, branchial arch abnormalities, various degrees of HPE, and temporomandibular joint anomalies [53] . These examples highlight the need for GLI2 to be tightly regulated and function normally to ensure proper fetal development. It is likely that other defects in GLI2 expression during development could occur, but as noted in murine models of Gli2 loss, many do not survive after birth. In contrast to these described congenital malformations and the syndromes associated with them, deregulation of GLI2 leading to increased activity can occur in adult cells and tissues.
As part of a developmental signaling pathway, GLI2 is typically less active in adult cells, with the exception of maintenance of some adult stem cells, such as neural stem cells. However, when GLI2 becomes upregulated and is no longer subject to normal control processes, proliferative diseases, such as cancer, can arise. In fact, its close relative GLI1 is an oncogene that was originally identified as an amplified and highly expressed gene in human glioma [54] . Hence, GLI is an acronym for glioma-associated oncogene. The status of GLI2 as an oncogene has also been well established, as outlined in the following paragraphs. Increased expression of GLI2 has been identified in a variety of tumor types, such as basal cell carcinoma, diffuse large B-cell lymphoma, endometrial carcinoma, osteosarcoma, melanoma, colon cancer, prostate cancer, transitional cell carcinoma, pancreatic adenocarcinoma, some types of breast cancer, and ovarian cancer [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] . The following sections will discuss the various roles that GLI2 plays in cancer development and progression including cell proliferation and cell cycle progression, cell survival, metastasis, and regulation of the tumor microenvironment.
Several reports have revealed that GLI2 functions as an oncogene due, in part, to alterations in cell proliferation. Transgenic overexpression of Gli2 in basal keratinocytes using the keratin 5 promoter resulted in the development of basal cell carcinomas in mice [55] . Further studies using an inducibly expressed Gli2 transgene in mouse keratinocytes showed that Gli2 was necessary for tumorigenesis and maintenance, as when the gene was turned off, the basal cell carcinomas regressed [66] . As a marker of proliferation, Ki67 was increased when Gli2 was turned on, but it decreased when Gli2 was turned off [66] . Studies investigating GLI2 in prostate carcinoma found that its expression was increased in these tumors, but it decreased following initiation of hormonal therapy only to increase again when the tumors became resistant [61] . Specific knockdown of GLI2 with siRNA in prostate tumor cells has shown that loss of GLI2 results in a decrease in proliferation through the concomitant decrease in the expression of cell cycle progression genes such as cyclin D1, p21, and PKC-η [61] . In contrast, overexpression of GLI2 in prostate cancer cell lines increased cell proliferation, and evaluation by flow cytometry found significantly more cells in the S-phase [67] . While these studies show the importance of GLI2 in promoting the proliferative capacity of a cell, the molecular mechanisms were not defined. However, some studies have shown more mechanistically the ways in which GLI2 promotes this behavior.
Some investigations have successfully identified genes directly targeted by GLI2 and defined mechanisms of GLI2-induced cellular proliferation. One study investigated proliferation-associated genes that may be targeted by GLI2 through expression of a constitutively active form of GLI2 in HaCaT cells and gene array profiling followed by qPCR validation of some of the results. E2F1, CDC45L , and CDC2 are upregulated by GLI2 along with CCNA2, CCNB1 , and CKS1B [68] . Additionally, genes involved in cell cycle inhibition, such as CDKN1A , are downregulated by GLI2 [68] . In their study, Regl et al. [69] also used array profiling to identify alterations in genes when GLI2 was overexpressed in keratinocytes. They found that the genes that were most upregulated included Ptch , E2F1 , CDC45L , PCNA , CDC2 , and CCND1 , while some genes such as MYC and CDKN1A were significantly downregulated upon overexpression of GLI2 [69] . Thus, the results of these two studies correlated well. Upon further evaluation of the biological impact of these gene alterations, keratinocytes overexpressing GLI2 overcame their normal contact inhibition and continued to proliferate as demonstrated by increased 5-bromo-2′-deoxyuridine incorporation and increased numbers of cells in the S-phase [69] . Often, the increased proliferative effects mediated by increased GLI2 expression are assumed to be due to an increase in the positive cell cycle regulators that it regulates, but in these profiling studies, cell cycle inhibitors were implicated as targets of downregulation by GLI2. This was further elaborated upon by work performed by Bishop et al. [70] that revealed p16 , which is known to function as a cell cycle inhibitor, as a direct target of GLI2. In HMEC cells transfected with siRNA against GLI2, cell proliferation was suppressed while p16 expression increased. A GLI-binding site was identified in the p16 promoter; reporter and ChIP assays showed that GLI2 could bind and induce the activity of this promoter [70] . Cyclopamine, an inhibitor of GLI2 activation, decreased proliferation, increased p16 expression, and caused eventual cell senescence [70] . Thus, this example not only highlights the ability of GLI2 to regulate the expression of a negative cell cycle regulator, but further, it shows an inhibitory function of GLI2 through promoter binding and transcriptional repression of a target gene. While exerting its activity on cell cycle regulators is critical to its function as an oncogene, GLI2 can regulate other targets that can precipitate its oncogenic behavior.
As a complementary function to cell cycle regulation, GLI2 also regulates cell survival factors, thus preventing cells from undergoing apoptosis. One gene that is often critical in the prevention of cell death is the antiapoptotic gene Bcl-2 . When transgenic mice overexpressing Gli2 in keratinocytes developed basal cell carcinomas, one of the genes subsequently found overexpressed was Bcl-2 [55] . While Bcl-2 gene expression was not specifically evaluated, in another inducible mouse model of Gli2 overexpression in basal cell carcinoma, lower caspase activity suggested a decrease in apoptosis of the cancer cells when Gli2 was turned on and an increase in apoptosis with regression of tumors when Gli2 was turned off [66] . Similar findings were shown in the case of human prostate carcinoma, hepatic carcinoma, and colon carcinoma cell lines where GLI2 function or expression was inhibited [60, 61, 71] . With many strong associations between GLI2 expression and Bcl-2, researchers specifically analyzed if Bcl-2 was a direct target of GLI2. Using promoter analysis, reporter assays and electrophoretic mobility shift assays (EMSA), it was found that Bcl-2 had GLI-binding sites and GLI2 binding to a specific site within the Bcl-2 promoter was necessary for the activation of Bcl-2 [69] . While Bcl-2 is an antiapoptotic protein, other antiapoptotic genes were also identified to be potential targets of GLI2.
The pro-survival gene cFlip functions as an inhibitor of caspase-8. It was initially found that increased expression of GLI2 corresponded with an increase in expression of cFlip [72] . Promoter analysis revealed the presence of two consensus GLI-binding sequences. Reporter assays and EMSA found that GLI2 was capable of activating and binding to the cFlip promoter [72] . Knockdown GLI2 decreased cFlip expression, and apoptosis occurred in the cells [72] . Hence, the cFlip gene is another example of a direct GLI2 target gene. While few genes have been studied thoroughly to identify them as direct transcriptional targets of GLI2, further associations between GLI2 expression and the expression of other cell survival factors exist. In pancreatic cancer cells and pancreatic cancer stem cells, inhibition of GLI2 activity induced not only Bcl-2 expression, as expected based on previous reports, but also increased the expression of Fas ligand, death receptor 4, and death receptor 5 [73] . While enhanced cell proliferation combined with increased resistance to cell death are key to initiation and maintenance of tumorigenesis, other alterations in cell programming give way to more aggressive and invasive phenotypes that highlight metastatic properties.
Partly defining a malignant tumor is its ability to invade surrounding tissues and structures and the capacity to generate metastatic lesions. Understanding the modes in which tumors demonstrate such malignant features is necessary to help improve treatments and outcomes in many cases. Not surprisingly, GLI2 also has a role in this process. As in the previous descriptions, many associative type observations have been made regarding the expression levels of GLI2 in correlation with expression levels of markers of a metastatic phenotype. In transitional cell carcinoma cell lines, overexpression of GLI2 increases the invasive nature of these cells in Matrigel invasion assays [62] . GLI2 expression had been known to be increased in hepatocellular carcinoma when compared to nearby normal liver, but it was also determined that this increase in expression correlated with intrahepatic metastasis and vascular invasion [74] . Lending further explanation to this finding, immunohistochemistry of these tumors revealed that an increase in GLI2 expression also correlated with a decrease in the expression of E-cadherin and an increase in vimentin [74] . This association is observed in multiple tumor types. In some cases, mechanisms through which GLI2 can result in these changes have been identified.
Malignant melanoma is well documented to be an aggressive cancer with a high rate and extent of metastasis. In a study by Alexaki et al. [59] , the importance of GLI2 to the invasive phenotype was studied in malignant melanoma. It was found that in melanoma cell lines having a high expression of GLI2 , there was also a decrease in the expression of E-cadherin [59] . This corresponded to a more invasive phenotype of these cells when they were grown in Matrigel. An orthotopic mouse model also showed that the melanoma cells with a high expression of GLI2 formed bone metastasis. Additionally, activation of the TGFβ pathway revealed similar findings [59] . Finally, loss of GLI2 gene expression also resulted in a decrease in the secretion of matrix metalloproteinases, MMP-2 and MMP-9 [59] . While these results suggest that GLI2 is able to repress the expression of E-cadherin and hence may mediate an epithelial-to-mesenchymal transition (EMT) of cells, one possible mechanism explaining this repression was only recently elucidated. GLI2 was found to have a complex set of mechanisms for regulating the E-cadherin promoter. First, it was found that GLI2 is actually able to promote transcriptional activation of ZEB1, a protein known to promote an EMT phenotype [75] . Evaluation of the E-cadherin promoter found that Kruppel-like factor binding sites were present, and both GLI2 and ZEB1 were bound to these sites simultaneously [75] . GLI2 and ZEB1 were able to form nuclear complexes, as determined by proximity ligation assays [75] . As will be detailed later, the TGFβ pathway is known to induce GLI2 transcription as well as EMT. The activation of TGFβ in melanoma cells increased the GLI2/ZEB1 complexes found in the nucleus [75] . Likely, much more will be identified regarding the role of GLI2 in the regulation of EMT-related genes in the future. The cells in the tumor microenvironment, including immune cells and stromal cells, may be manipulated by GLI2. The immune system is critical for recognizing developing tumor cells and destroying them before they have the ability to continue to proliferate and expand. At the same time, tumors secrete cytokines to impair or alter the response of specific immune cells. GLI2 acts in such a manner in different tumor types. In one case, GLI2 was found to regulate the expression of TGFβ1 in human CD4+ cells. Researchers have shown the presence of GLI2-binding sites in the TGFβ1 promoter in CD4+ cells [76] . Reporter and ChIP assays showed that GLI2 was able to bind to two of these sites to promote transcriptional activation of TGFβ1 [76] . Since regulatory T cells are associated with a poor prognosis in many tumors, understanding their regulation and function for the purposes of aiding in cancer therapy may be important. Elsawa et al. [77] showed that induction of GLI2 in bone marrow stromal cells induces the expression and subsequent secretion of IL-6. They found that IL-6 is a direct target of GLI2 through reporter assays and ChIP analysis. Furthermore, the resultant production and secretion of IL-6 into the microenvironment impacts malignant B cells. IL-6 binds to and activates the IL-6 receptors on malignant B cells that then leads to IgM secretion [77] . These findings identified a novel pathway through which malignant cells and cells of the microenvironment engage each other. Manipulation of the surrounding stromal cells and matrix is essential to those tumors that metastasize. This is especially true in the case of tumors that metastasize to bone. These tumors erode bone as they grow, and this is often the result of osteolysis caused by the parathyroid hormone-related peptide (PTHrP) that is secreted by the tumor cells. Using breast cancer cell lines that express high levels of PTHrP, GLI2 activity was decreased by expressing a repressor form of GLI2, and the result was a substantial decrease in PTHrP mRNA expression [78] . When GLI2 was overexpressed in breast cancer cell lines having a low expression of GLI2 and no or little PTHrP expression, an increased activity of a PTHrP reporter was seen [78] . To evaluate this relationship in vivo, cells stably expressing GLI2 were injected into nude mice, and those cells induced more osteolysis than cells not overexpressing GLI2 [78] . A similar study using siRNA to knockdown GLI2 expression showed the same results [79] .
This overview of oncogenic activities of GLI2 in cancer highlights the many mechanisms by which GLI2 can modulate cell function. The breadth of GLI2 involvement in cell proliferation, survival, invasiveness, and modulation of the tumor microenvironment makes it an attractive target for anticancer therapeutics. However, much more is needed to be understood regarding the oncogenic tendencies of GLI2 as well as the ways in which GLI2 itself is regulated in order to further potential targeting strategies.
Mechanisms Regulating GLI2 Activity
One fascinating aspect of GLI2 is that its gene expression and protein activity can be modulated by a number of signaling pathways. This allows it to function as a mediator of crosstalk between these pathways ( fig. 3 ). As many of the signaling mechanisms that can act on GLI2 are important for cell growth, they also help give importance to the role GLI2 plays in mediating all biological functions that have been outlined. Much of the background information regarding the protein domains of GLI2 along with important posttranslational modifications lends importance to the ways in which GLI2 activity can be manipulated by these various signaling pathways. The following section is dedicated to highlighting the different ways in which GLI2 expression is regulated.
Canonical Modulation of GLI2 Protein Activity
The Hh pathway is often thought of as the canonical pathway through which GLI2 activity is regulated. In fact, most of the early studies of GLI2 were performed in an attempt to understand how Hh signaling regulates development. As more became known about the function of GLI2, it was observed that GLI2 resulted in cellular effects independent of active Hh signaling. Nonetheless, GLI2 is critical in directing Hh signaling, and how this occurs has been explained in detail.
The canonical signaling through the Hh pathway consists of a 12-pass transmembrane receptor called Patched (PTCH) that exerts a consistent repressive effect on the 7-pass transmembrane receptor Smoothened (SMO) when the Hh ligand is absent. When the Hh ligand is present and binds to PTCH, repression over SMO is released. This results in the transduction of the signal through a protein complex that includes SuFu, Kif7, and GLI. Generally, GLI2 is present in mammalian cells in its full-length form. The full-length GLI2 is bound to SuFu, and thus SuFu keeps GLI2 tethered in the cytoplasm [7, 9, 10] . Another member of the pathway, Kif7, can antagonize SuFu by disrupting the SuFu/GLI2 complex and allowing nuclear translocation of GLI2 [80] . The absence of Hh signaling results in the predominance of GLI2 protein maintained in a repressive state while active Hh signaling reverses this repression.
What is most interesting is that the GLI1 , and to some extent the GLI3 genes, are themselves targets of Hh signaling. Activation of the Hh pathway results in their transcriptional upregulation by the action of GLI2. However, the GLI2 gene is not activated by Hh signaling. While GLI1 is thought of as the potent activating transcription factor of the Hh pathway, it cannot serve in that role without its own transcriptional activation by GLI2. Thus, GLI2 is vital to Hh signaling, and this was highlighted in its role in development. This immediately identifies GLI2 as a unique effector of the Hh pathway and leaves in question how else GLI2 may be regulated.
Noncanonical Regulation of the GLI2 Protein
GLI2 is a point of crosstalk between signaling mechanisms. Multiple signaling mechanisms exist through which GLI2 expression can be manipulated aside from the canonical Hh pathway. One principle mechanism of altering the activity of the GLI2 protein is through posttranslational modifications, such as phosphorylation. Signaling cascades that are capable of this may have downstream components that modulate GLI2 in either an Hh-dependent manner or in a manner independent of Hh signaling. Several noncanonical signaling pathways that include PI3K/AKT, epidermal growth factor (EGF), and KRAS are capable of altering the GLI2 protein function.
It has been demonstrated that PI3K and AKT signaling are needed for Hh-mediated signaling. Upon the binding of Shh to PTCH, inhibition of SMO is relieved and simultaneously PI3K and AKT are activated [81] . PI3K and AKT antagonize PKA-mediated phosphorylation of GLI2 and subsequent stabilization of the activator form of GLI2 [81] . More detailed insights into the cooperation between Hh and PI3K/AKT pathways was elucidated in glioblastomas. In this tumor model, the PTEN gene is often lost, and this results in activation of AKT and Hh. It was found that AKT and Hh intersected at the level of S6K [82] . S6K, an effector of the mTOR complex downstream of AKT, is further stimulated by SMO [82] . Then, the synergistic acti- Various signaling pathways are able to activate GLI2 at either the gene or protein levels. TGFβ signaling is able to directly increase GLI2 gene expression. Other signaling pathways, such as Hh, EGF, PI3K/AKT, and KRAS, are all able to act on the GLI2 protein to stabilize it and increase its activity.
vation of S6K by the two pathways enhanced the GLI-dependent transcription [82] . Thus, it is evident from this overlap that activation of PI3K or AKT alone may be sufficient to stabilize GLI2 and result in upregulation of GLI2 activity in a manner that is independent of Hh signaling. Indeed PI3K/AKT can act independently of Hh. Other studies found that active ERK signaling works synergistically with Hh to regulate GLI protein activity [83] . Upon treatment of NIH 3T3 cells with phorbol esters or with basic fibroblastic growth factor to activate ERK, GLI2 activity increased, and target gene expression likewise increased [83] . This finding was determined to be due to the activity of protein kinase C-δ and mitogen-activated protein/extracellular signal-regulated kinase-1 (MEK-1), which are able to activate both basal and overexpressed GLI2 proteins [83] . While physical interactions of these proteins with GLI2 were not directly evaluated, it was found that MEK-1 interacts with GLI1 at its N-terminus (amino acids , and this domain of GLI1 is required for increased activity [83] . It is reasonable that the effect exerted over GLI2 likely involves a similar interaction. While more mechanistic detail in this process has not been established, it may be that this interaction directs GLI subcellular localization and hence contributes to the increase in the observed activity.
Similar to the AKT/PI3K signaling, EGF signaling also activates GLI2 through a couple of different mechanisms. EGF through RAS/RAF/MEK/ERK signaling stabilizes GLI2 and prevents its degradation by the proteosome, thus increasing the GLI2 activity [84] . Another related study detailed a synergistic action of EGF and Hh on GLI2 wherein EGF activation and signal transduction through RAS/RAF/MEK/ERK stimulates JUN/AP-1 binding to DNA as well as JUN/AP-1 cooperation with activator forms of GLI to direct dual-pathway activation of target genes [85] . JUN expression increased with augmenting GLI activity, and JUN contains GLI-binding sites in its promoter, suggesting that this resultant positive feedback amplifies the target gene expression [85, 86] . In vitro evaluation of mouse basal cell carcinoma cells treated with an EGF receptor inhibitor, gefitinib, and the GLI inhibitor GANT1 decreased cellular proliferation and survival greater than either inhibitor used as a single agent [85] . In a manner independent of EGF, KRAS signaling activates GLI activity.
Activated KRAS signaling also increases GLI2 activity independent of the Hh status of the cell. This phenomenon is well documented in pancreatic cancer with GLI1, although the exact mechanism of this relationship is still under investigation. Several observations have been made in understanding the noncanonical regulation of GLI2 in pancreatic ductal adenocarcinoma (PDAC). A transgenic mouse conditionally expressing a dominant-active form of Gli2 mainly in the pancreatic epithelium was developed that allowed insight specifically into the role of GLI2 in PDAC formation [63] . The tumors that subsequently formed in the pancreas were undifferentiated and did not recapitulate human PDAC histologically [63] . However, when these mice were crossed with Kras G12D mutant mice, preneoplastic lesions formed and progression to invasive carcinoma occurred earlier [63] . These results indicate that while Gli2 activation alone does not mimic the progression of human PDAC, its dysfunction along with the initial Kras mutation do result in stages of disease that model human PDAC. Furthermore, the Kras G12D mutation induces loss of primary cilia in PDAC precursor lesions and PDAC cells, and loss of primary cilia has been suggested to increase GLI2 activity [50, 87] . Several studies have shown the cooperative integration of Gli1 and Kras in mouse models of PDAC [88] [89] [90] , but the question remains where and how alterations and GLI2 activity affect this outcome. Nolan-Stevaux et al. [88] evaluated the role of Kras in GLI regulation by eliminating Hh activation in a Kras/p53 mouse model of PDAC. GLI1 expression remained high despite the loss of functional Hh signaling. Furthermore, in cell lines, depletion of Kras with siRNA resulted in a downregulation of Gli1, and loss of Gli1 results in apoptosis in these cells [88] . Additional in vivo evidence linking KRAS signaling with GLI1 was provided through the use of the Kras G12D transgenic mouse crossed with total GLI1 knockout mice. These mice developed no tumors and fewer precursor lesions in the pancreas than those mice with only the Kras G12D mutation and wild type for Gli1 [90] . Gli1 was found to mediate the oncogenic effects of the mutant Kras through modulation of an IL-6/STAT3 pathway functioning between the tumor cells and the tumor microenvironment [90] . While these extensive studies have focused on the interaction between KRAS and GLI1, the similarity between GLI1 and GLI2 and data with GLI2 alone suggest that a similar mechanism may exist between KRAS and GLI2. However, further studies are needed to elucidate the mechanisms of interactions between KRAS and GLI2 as well as GLI1.
All the above-described pathways highlight that GLI2 serves as a point of convergence for several signaling pathways. They can function together to act in a synergistic manner or independently to control GLI2. Whether GLI2 is activated in a canonical manner through Hh signaling or in a noncanonical manner through the action of other pathways, one point of GLI2 regulation has not been mentioned. How is GLI2 gene regulation controlled? While some answers to this question have been found, it is still largely unknown and presents an important area for discovery.
Transcriptional Activation of GLI2 Expression
While the above examples outline overlapping interactions of signaling pathways through GLI2, the mechanisms involve modulation of the GLI2 protein. Whether through alterations in protein stability or subcellular localization, these changes affect the activity of GLI2 at the protein level. A significant question remains regarding how the GLI2 gene is regulated. An interesting observation was made using a genome-wide analysis of human PDAC samples and found mutations in several Hh pathway members with the exception of GLI2 [91] . Yet, overexpression of GLI2 in tumors has been well described. Only a few mechanisms of GLI2 gene regulation have been documented, and only a few transcription factors are known that directly regulated GLI2 gene expression.
Perhaps one of the most well-characterized signaling pathways known to alter GLI2 gene expression is that of TGFβ. The TGFβ pathway can directly and rapidly induce transcription of GLI2. This was demonstrated in numerous cell lines as well as in transgenic mice where TGFβ1 is overexpressed in the skin [92, 93] . This work showed that this phenomenon occurs through the binding of Smad3 to a Smad-binding element located 30 bp upstream of the transcription start site of GLI2 [93] . The TGFβ-responsive element in the GLI2 promoter was mapped to an area located between 29 and 119 bp upstream of the transcription start site [93] . This not only includes the Smad3-binding element, but also a TCF/LEF-binding site whereby Wnt signaling can cooperate through the action of β-catenin binding to this site [93] . However, other considerations, such as the recruitment of transcriptional coactivators or how the composition of the chromatin landscape of this region of the GLI2 promoter changes, have not been investigated.
Aside from TGFβ, other pathways can regulate GLI2 gene expression. The cytokine CCL5 can act in stromal cells through the PI3K-AKT-NFκB pathway to stimulate the transcriptional activation of GLI2 [77] . Another mode of GLI2 transcriptional activation is through Atoh1 . Atoh1 is a transcription factor that is highly expressed in GNP cells, the cell population that gives rise to medulloblastomas [94] . Medulloblastomas that have a high expression level of Atoh1 are associated with a poorer prognosis [95] . Utilizing Atoh1 flox/flo x mice, GNP cells were isolated from the cerebellum of 5-day-old postnatal mice and transduced with adenoviruses having either green fluorescent protein or Cre recombinase genes. In the cells lacking Atoh1 , proliferation was decreased along with Gli2 expression [96] . This led to further investigations into the mechanisms of Atoh1 downregulation of Gli2 . Atoh1 activates target genes through binding to E-boxes. Flora et al. [96] identified an eight E-box sequence stretch in the second intron of mouse Gli2 and looked for conservation with human GLI2 . Two of these E-boxes were conserved in mouse and human and both EMSA and ChIP analysis showed binding of Atoh1 to this region of Gli2 [96] . They further confirmed that this was suggestive of a transcriptional mechanism acting through an enhancer element, as the presence of monomethylated lysine 4 of histone H3 was identified via ChIP analysis. This mechanism of GLI2 gene regulation by Atoh1 is involved in differentiation of neurons, secretory cells of the gastrointestinal tract, and some mechanoreceptors [97] .
Conclusions
GLI2 is a critical gene responsible for regulating normal cellular functions and particularly normal development. Under most circumstances, GLI2 mediates its effects as a transcriptional activator of its target genes, but in some cases, it functions as a transcriptional repressor. The various domains constituting this protein contribute to the variety of mechanisms that are able to regulate its activity, making GLI2 a point of convergence of several signaling pathways. This idea is amplified in the context of the role of GLI2 in disease. While loss-of-function of GLI2 through gene mutations can result in failure of normal embryonic development and the formation of congenital anomalies, mutations in the GLI2 gene are rarely identified as a cause of spontaneous disease arising in mature organisms. Instead, it appears that the gain-of-function of GLI2 precipitating its oncogenic functions is a result of misregulation of the protein or gene transcription that results in its constitutive activation or overexpression. Although some mechanisms of GLI2 gene regulation have become known and been well defined, little is currently known about its regulation at the transcriptional and chromatin levels. Given the range of biologic implications, particularly concerning its oncogenic potential, these points of GLI2 regulation must be further explored to fully understand the role GLI2 has in disease. With increased knowledge, the mechanisms of GLI2 regulation could be potentially exploited for therapeutic use. While targeting GLI2 for therapeutic means may be attractive, consideration must be given to the complexity of pathways regulating GLI2. As such, the targeting of one pathway in order to alter GLI2 activity may be insufficient to elicit a biologically relevant response in cancers. Furthering our understanding of the most downstream mechanisms of GLI2 regulation will likely be a critical strategy to overcoming the challenges associated with targeting it.
